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A B S T R A C T

The increasing disturbances affecting marine communities highlight the need to examine

restoration measures that can be added to other conservation efforts for threatened pop-

ulations. The main goal of this study was to examine the usefulness of ecological restora-

tion in the management of gorgonian populations damaged by diving activity in

intensively visited marine protected areas (MPAs). We used field experiments as well as

simulations from size-structured matrices to assess the utility of transplantation of living

fragments from damaged colonies to increase the viability of threatened populations.

Despite results showing that technique failure caused the loss of 40% of transplants,

well-attached transplants achieved survival rates (80%) similar to those of natural colonies.

Surprisingly, environmental conditions (light level and presence of algae) did not have a

significant effect on the mortality of the transplants, but did affect methodological failure

rates (37% of transplants were lost in the photophilous treatments in contrast to the 25%

lost in sciaphilous treatment). The simulations showed a substantial increase in the

annual population growth rate (k) only when transplantation was performed every two

years and under the most demanding conditions (recovering 75% of the detached colonies

and obtaining 3 fragments from each one). Predictions from the size-structured matrix

model suggest severe limitations of this technique at larger spatial scales. However, our

study confirms the feasibility of this restoration measure to contribute to the recovery of

populations in MPAs affected by local disturbances. The experimental and modelling

approaches developed here may provide useful guidelines for future studies on the resto-

ration of marine populations.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Current decline of high diversity marine communities, such as

coral reefs and kelp forests, due to the increasing frequency

and severity of anthropogenic impacts has highlighted the

need to implement efficient restoration strategies as a com-

plement to management and conservation of existing popula-
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tions (Rinkevich, 1995; Lirman and Miller, 2003; Carney et al.,

2005; Precht, 2006).

The red gorgonian Paramuricea clavata is an important

structural species of Mediterranean coralligenous assem-

blages (Ballesteros, 2006). This long-lived and slow-growing

species exhibits demographic parameters in concordance

with the dynamics of the community it inhabits (Coma
.
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et al., 1998; 2004; Linares et al., 2007). Among its life-history

traits, the red gorgonian displays a delayed sexual maturity

and a great annual investment in sexual reproduction that

contrasts with the low recruitment rates observed (Coma

et al., 1995; 2001). According to the results obtained from

size-structured models developed for this species (Linares

et al., 2007), these low recruitment rates would be sufficient

to ensure the persistence of red gorgonian populations under

the low mortality rates observed in natural conditions (Coma

et al., 2004).

However, Mediterranean gorgonian species are currently

adversely impacted by a wide variety of disturbances that sub-

stantially increase their mortality rates above natural levels.

Some of these disturbances are of direct anthropogenic origin,

such as anchors, fishing nets, divers and contamination

(Arnoux et al., 1992; Harmelin and Marinopoulos, 1994; Coma

et al., 2004). Others, such as recent mass mortality events

(Garrabou et al., 2001; Linares et al., 2005; Coma et al., 2006),

appear to be related to climatic anomalies indirectly linked

to human activities (Romano et al., 2000).

Managers of marine protected areas (MPAs) must seriously

concern themselves with these threats, especially because of

an unsolved paradox: although the creation of marine pro-

tected areas is a fundamental tool for the conservation of

marine habitats (Kelleher and Kenchington, 1992), they tend

to attract more tourism and associated recreational activities

such as diving that can have a considerable impact on benthic

communities (Garrabou et al., 1998; Wielgus et al., 2002; Coma

et al., 2004). The problem may be of particular importance in

small protected areas because they are often exposed directly

to various anthropogenic activities without being adequately

sheltered by buffer zones (Schwartz, 1999). The impact of div-

ing has been demonstrated to increase mortality rates of P.

clavata by a factor of three at the Medes Islands MPA (Coma

et al., 2004), an increase that may be threatening the long-

term persistence of the population (Linares, 2006). Intense

diving activity is present not only at the Medes Islands MPA

but at many Mediterranean MPAs (Harmelin and Marinopou-

los, 1994; Francour et al., 2001).

The practice of ecological restoration has long been ap-

plied to erosion control, reforestation, and habitat and range

improvement (Young et al., 2005). Except for a few experi-

mental instances (Weinberg, 1979; Wilkson and Vacelet,

1979), it has only been during the last decade that the sci-

ence of restoration ecology has started to be applied to mar-

ine communities (Ambrose, 1994; Rinkevich, 1995; Edwards

and Clark, 1998; Fonseca et al., 2000; Hernandez-Carmona

et al., 2000; Epstein et al., 2001; Precht, 2006). The clonal

nature of coral species enables recovery from partial mortal-

ity (Hughes and Cancino, 1985). While several restoration

techniques have been explored to restore damaged coral

reefs, most of them are expensive and labor intensive and

can result in high mortality of coral transplants (Edwards

and Clark, 1998). However, there have been a few examples

of successful restoration on a relatively large scale (Guzman,

1991).

Detachments from the substratum, together with injuries,

are the main causes of gorgonian mortality (Yoshioka and

Yoshioka, 1991; Wahle, 1985; Weinberg, 1978; Coma et al.,

2004). Although the recovery of detached colonies might be
possible if they succeed in reattaching, a common process

in some tropical gorgonians (Lasker, 1990; Coffroth and Las-

ker, 1998), the ability of P. clavata for natural reattachment

has proven to be extremely poor (Coma et al., 1995). There-

fore, detached colonies accumulating at the bottom of walls

and boulders can survive for several months, but finally die

from sedimentation and abrasion. The low recruitment rates

(Coma et al., 2001) and high post-settlement mortality ob-

served in the red gorgonian P. clavata (Linares et al., in press)

led us to examine whether transplantation of living colonies

may be suitable for the restoration of damaged populations.

Furthermore, the availability of numerous detached colonies

overcomes the main drawback of restoration that relies on

the acquisition of colonies from a donor area (Edwards and

Clark, 1998).

Whether restoration is a feasible tool for contributing to

the survival of these populations is an important issue for

managers involved with the conservation of P. clavata popula-

tions in most MPAs. Transplant failures can be due to two

different causes: a failure of attachment (technique) or post-

attachment survival (environmental factors). The search for

techniques to attach colonies to the natural substratum that

can show high survival rates is a preliminary step in the study

of the effectiveness of transplantation as a management tool.

The selection of the appropriate technique and the examina-

tion of the survival of transplanted colonies, together with

previous knowledge about the population dynamics of the

species made it possible to use structured matrix models

(Caswell, 2001) to simulate and predict the usefulness of

transplantation techniques for the enhancement of damaged

populations. In particular, size-structured matrices can be

used to estimate the amount of transplantation that would

be necessary in each case to reach an objective of demo-

graphic stability (i.e. an annual population growth rate, k = 1;

Doak et al., 1994).

Furthermore, the transplantation of colonies to different

environmental conditions may contribute to determining

the role that biotic and abiotic conditions play on their sur-

vival. In this sense, the lack of gorgonian populations in shal-

low areas with high irradiance suggests that light either

directly or indirectly enhances the competitive success of

overgrowing algae, hindering the development of red gorgo-

nian colonies (Weinberg, 1978).

Our study was conducted at the Medes Islands, a NW Med-

iterranean Marine Protected Area that is one of the most af-

fected by recreational diving in the Mediterranean (about

70,000 dives every year in an area of only 32 ha, Coma et al.,

2004). The main goals of this study were: first, to examine dif-

ferent transplanting techniques involving low labor effort and

low economic cost; second, to estimate the survival of trans-

planted colonies in relation to the selected technique and to

abiotic and biotic factors such as irradiance and competition

with algae; and finally, to predict using a matrix model the

transplanting effort necessary to obtain values of annual pop-

ulation growth rates (k) close to one, ensuring the long-term

persistence of these populations. The results obtained in this

study allow us to discuss the feasibility of transplantation as a

useful management technique at least for small protected

areas where both valuable marine biodiversity and intense

diving activity interact.
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2. Materials and methods

The experimental work was carried out at the Medes Islands

Marine Protected Area (NW Mediterranean Sea, 42�02 0N,

3�13 0E), where well-developed populations of Paramuricea clav-

ata cover the more exposed vertical sides of rocky walls (Gili

and Ros, 1985).

2.1. Transplantation technique

The first step was to find a usable technique to transplant

fragments of surviving colonies found at the bottom of walls.

We were looking for two basic prerequisites: low labor effort

and low economic cost, since the final objective was to devel-

op a technique that would be easy to perform not only by sci-

entists, but also by volunteers and managers of MPAs working

together.

Using a two-component epoxy putty as glue, we first tested

the attachment efficiency of three different techniques to in-

stall the colony fragments: raw, gluing them directly to the

putty (Fig. 1a); tube, putting the base of the fragment in a plas-

tic tube (as a sheath) 2 cm long to avoid direct contact of live

tissue with the putty (Fig. 1b); and stick, adding a PVC stick

5 cm long at the side fixing the fragment to it by means of a

plastic bridle and adhering the transplant to the bottom with

the putty (Fig. 1c). Differences in gorgonian survival between

transplant techniques were tested by means of a v2 test.

We also planned to test the effect of size on the survival of

transplants, by comparing two different sizes of transplants:

small (3–10 cm) and large (10–20 cm). However, preliminary

assays indicated that large transplants always displayed high

losses of attachment regardless of the technique chosen. This

was due to the higher resistance of large transplants to water

flow, which easily opened a hole at the base of the transplant

before the putty solidified. Subsequently, we used small

transplants exclusively, since they showed better attachment

success.
Fig. 1 – Scheme of the different techniques of gorgonian

transplantation used in this study; (a) ‘‘raw’’ technique,

fragment transplanted directly to the substrate with epoxy;

(b) ‘‘tube’’ technique, fragment transplanted using a plastic

tube around the base of the colony to avoid direct contact

with the epoxy; (c) ‘‘stick’’ technique, fragment transplanted

using a PVC stick to hold up the colony in contact directly

with the epoxy.
To test the success of the different attachment techniques,

the transplantation experiment was carried out within a well-

developed red gorgonian population at 20–25 m depth. For

each technique, 60 fragments between 3 and 10 cm of height

were obtained from detached colonies larger than 30 cm

recovered at the bottom of walls. The experiment began in

June 2001 and the survival of transplanted colonies was mon-

itored monthly during the first four months; after that sur-

vival was noted approximately every four months until

October 2002.

2.2. Environmental factors

Once the best transplant technique was selected, we initiated

a second experiment to distinguish the role of the main biotic

and abiotic factors, such as light and competition with algae,

that may contribute to setting the upper limit of the distribu-

tion of P. clavata (Weinberg, 1978; Ballesteros, 2006). Following

the characteristic vertical zonation pattern (i.e. belt-like dis-

tribution) of rocky benthic Mediterranean communities (Pérès

and Picard, 1964; Gili and Ros, 1985), the upper limit of red

gorgonian populations inhabiting steep rocky walls is a

clear-cut border parallel to the sea surface (following definite

isobaths). On large walls with changes in orientation and irra-

diance, this pattern is modified and the upper limit of depth

distribution of the gorgonians varies in diagonal. This sug-

gests a dependence of the upper depth distribution of red gor-

gonian colonies on light conditions. At the site studied, this

pattern is characterized by having an upper limit that is shal-

lower on the side of the wall facing north and deeper at the

side of the wall facing east and south. However, dependence

of this pattern on environmental conditions suggests that it

may vary by location. Taking advantage of this observed pat-

tern, in April 2002 we started an experiment transplanting

colonies with the following experimental design: 20 trans-

plants were installed on the same rocky wall and at the same

depth (15–20 m) under three different types of environmental

conditions:, (1) in photophilous ambient (with high levels of

irradiance) without gorgonians and with algae (at the upper

side of the diagonal; Fig. 2a), (2) in photophilous ambient

without gorgonians but also without algae (because we re-

moved them during the first six months of the experiment,

when the peak of algal growth occurs; Fig. 2b) and, (3) in sci-

aphilous ambient (with low levels of irradiance), within well-

developed gorgonian populations (at the lower side of the

diagonal, Fig. 2c). This design was repeated at three different

localities (Pedra de Deu, Pota del Llop and Tascons), where

well-developed red gorgonian populations can be found

(Fig. 2). Survival rates of transplants were compared with

those obtained for natural colonies (ranging between 3 and

10 cm) during a study of the population dynamics of this spe-

cies in the same study area (Linares et al., 2007).

To characterize irradiance at the study sites, light intensity

was recorded where the transplants were installed by 2 syn-

chronized HOBO� LI data loggers (Onset Computer) for the

two different light environments. Measurements were re-

corded in lumens feet�2. Fig. 3 shows the differences in light

conditions at two of the three experimental sites. Despite

the fact that the three environmental conditions were located

at the same depth, differences in orientation produced a



Fig. 2 – Experimental design of gorgonian transplantation. Note that the oblique border between algal dominated and

gorgonian dominated communities allows transplantation at the same depth. (a) Transplants in photophilous ambient with

algae. (b) Transplants in photophilous ambient with algae removed. (c) Transplants in sciaphilous ambient.
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tenfold difference in the irradiance reaching transplants at

the two photophilous treatment sites in contrast to the sci-

aphilous site. This difference was examined at the beginning

of the experiment (April 2002, Fig. 3).

The survival of transplants was monitored monthly for six

months after the beginning of the experiment (from April to

October 2002), and from then on, once a year over the follow-

ing three years (2003, 2004 and 2005). The loss of transplants as

well as the death of transplanted colonies was recorded sepa-

rately during each census in order to distinguish between a

failure of the methodology (attachment) and mortality of the

transplants. A Kruskall–Wallis test was applied to examine

significant differences in the proportion of live, dead and lost

transplants between the three experimental treatments.

2.3. Modelling approach

In addition to the experimental work, we used a size-struc-

tured matrix model to evaluate the transplanting effort that
would be necessary to reach the conventional objective of

enhancing the annual population growth rate (k) to values

equal or close to one.

For all simulations we used the average matrix obtained

for three annual matrices (between 2001 and 2004) from

Medes Islands populations (Table 1). Matrices were con-

structed using a set of seven age- and size-defined stage

classes following the steps detailed in a previous study (Lin-

ares et al., 2007). An important factor contributing to the low

lambda value obtained for this matrix (0.937, reference

lambda) is the estimated three-fold increase in natural mor-

tality caused by the high diving activity at this MPA (Coma

et al., 2004).

The transplantation of a colony represents a change from

an absolute loss to a new incorporation through a loop in the

dynamics of the matrix model. In this loop, the otherwise lost

colonies from the size classes 4–7 (10–20 cm, 20–30 cm, 30–

40 cm, and >40 cm) would be new incorporations to the cho-

sen transplanted class; i.e. fragments of 3–10 cm (class 3)



Fig. 3 – Light intensities recorded at two sites of the Medes Islands (Tascons and Pota del LLop) where the transplantation was

performed. Twenty transplants were placed in the two communities where survival was studied (communities under

conditions of shade and abundant light) at the same depth (15–20 m) for each site.

Table 1 – Average size class transition matrix for the red gorgonian populations at the Medes Island Marine protected area
(deterministic lambda (k) = 0.937; see Linares et al. (2007))

Size class t + 1 Size class at time t

1 2 3 4 5 6 7

1 0 0 0 0.003 0.089 0.378 0.810

2 0.684 0.483 0.018 0 0 0 0

3 0 0.202 0.813 0.034 0 0 0

4 0 0 0.087 0.833 0.057 0.020 0

5 0 0 0 0.072 0.759 0.124 0.019

6 0 0 0 0 0.052 0.731 0.059

7 0 0 0 0 0 0.063 0.850
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and fragments of 10–20 cm (class 4) (Fig. 4). Although large

transplants experienced a higher proportion of technique fail-

ure (see Section 2) than small transplants, simulations were

run using both sizes in order to assess whether a higher

investment in improving the technique for installing large

colonies for future management applications would be worth

exploring. Survival rates of natural colonies (ranging between

10 and 20 cm), obtained during a previous study of the popu-
lation dynamics of this species from the same area (Linares

et al., 2007), were used to run these simulations.

Given that transplantation effectiveness relies on the pro-

portion of recovered colonies, the number of fragments and

the frequency of transplantation, different simulations were

run changing these parameters. We estimated the increase

in survival obtained from each simulated transplantation

and then added this increase to the right elements of the
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Fig. 4 – Life cycle graph of the gorgonian Paramuricea clavata showing the natural demographic processes (black lines) as well

as the transplantation processes (grey lines). G = growth (solid lines), F = fecundity (dashed lines), Shr = shrinkage (dotted

lines). First class is an age-based class, Class 2 colonies are at least two years old between 0.3 and 3 cm in height, class 3

colonies are between >3 and 10 cm in height and are pre-reproductive, while classes 4–7 are >10–20 cm, >20–30 cm, >30–

40 cm, and >40 cm in height, respectively.
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matrix that benefit from this transplantation, class 3 (a34, a35,

a36, a37) or class 4 (a45, a46, a47). To run the model we used the

transplanted matrix and then the original matrix for the

other iterations. We used the stochastic log growth rate using

Tuljapurkar’s approximation (Morris and Doak, 2002) to

choose some matrices more often than others when we sim-

ulated different frequencies of transplantation.

During a first step, modelling the minimum effort of trans-

plantation, we simulated the effect of a sole transplantation

under the least demanding conditions (one fragment from

each recovered colony and 10% of the colonies recovered).

In a second step, still with a sole transplantation we simu-

lated the effects of increasing the efficiency of transplanta-

tion by means of different combinations of proportion of

recovered colonies and the number of fragments obtained

from these colonies. The percentage of detached colonies

recovered by the transplantation was simulated considering

10%, 25%, 50% and 75% of colonies recovered, and the number

of fragments obtained from these colonies was tested using 1,

3 and 5 fragments for transplants of 3–10 cm in height and 1, 2

and 3 fragments for transplants of 10–20 cm. The simulations

were performed following the same steps described above. Fi-

nally, to test the effect of repeated transplants we used the

matrices obtained previously to iterate the transplant matrix

with the original matrix with increasing frequency over time,

testing a single transplantation every 100 years, 10 years, 5

years, 3 years, 2 years and 1 year, respectively.
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Fig. 5 – Transplant survival for the three techniques during

the first year of the study (from June 2001 to October 2002).

Transplants were surveyed each month during the first four

months and, thereafter, every four months. Data are shown

as a percentage of the 20 original transplants for each

technique.
3. Results

3.1. Technique: Attachment success

The use of a PVC stick to attach the transplanted gorgonian to

the rocky substrata provided the highest rate of survival of all

the techniques examined (Fig. 5). With this technique 70% of

transplanted colonies survived beyond one year, while sur-

vival using the ‘‘tube’’ technique was only 50%. With the

‘‘raw’’ technique, direct attachment of the colonies to the sub-

strata, only 30% of colonies lived until October 2002. Although

differences among the three transplant techniques were not
significant (v2 = 3.300, d.f. = 2, p = 0.192), we selected the

‘‘stick’’ technique because it displayed the highest rate of sur-

vival throughout the entire experiment (Fig. 5).

3.2. Environmental factors

The comparison between the survival of transplants under the

three different experimental conditions assayed (sciaphilous,

photophilous with algae, and photophilous without algae) and

the observed survival for natural (non-transplanted, Table 1)

colonies is shown in Fig. 6. The decrease of survival includes

both causes of mortality: failure of attachment and death. In

general, survival under the three environmental conditions

displayed a similar temporal pattern in which two phases

can be distinguished: a strong decrease during the first year-

and-a-half of the study (between April 2002 and October

2003), much higher than the expected natural mortality, and
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a second phase during which survival was similar to natural

values excluding the lost transplants (80% and 85% transplant

survival and natural survival respectively, see Table 1). Never-

theless, after three years (October 2005), survival of trans-

plants in sciaphilous communities was only 16% compared

with 52% for non-transplanted colonies.

Comparison between the three experimental treatments

showed that one year after the beginning of the experiment

(April 2003) transplanted colonies within their typical sciaph-

ilous community exhibited the highest level of survival (58%

vs. 34% for both photophilous treatments). At the end of the

study, survival of transplants in the sciaphilous community

remained higher than the colonies transplanted in photophil-

ous conditions (Kruskal–Wallis, p = 0.042).

After that the colonies transplanted to high levels of irradi-

ance showed similar survival rates regardless of exposure to

competition with algae (Fig. 6). At the beginning of the exper-

iment (between April and October 2002), survival of the trans-

planted colonies in an environment with abundant light and

without algae was higher than in the environment with abun-

dant light and presence of algae (73% vs. 63% survival, respec-

tively). This time period coincided with the period of

maximum algal growth. However, three years after the begin-

ning of the experiment, only about 2% of the transplants sur-

vived in the two areas exposed to abundant light (Fig. 6).

In order to examine the causes of mortality (technique or

environmental), we compared the fate of transplants, distin-

guishing between live, dead and lost transplants (Fig. 7).

Unexpectedly, the differences in survival between treatments

were due to differences in the success of attachment (lost

transplants) despite using the same technique. Although no

significant differences were found between treatments (Krus-

kal–Wallis, p = 0.062), results showed a trend toward a higher

proportion of lost colonies in the photophilous treatments

(37% and 36%) than in the sciaphilous treatment (25%). These

losses mainly occurred during the first year of the transplan-
tation (Fig. 6). In contrast, the number of dead transplants was

similar under both sciaphilous or photophilous conditions

(ranging between 58% and 61%; Fig. 7)

3.3. Modelling approach

Simulations were conducted on the basis of survival rates of

well-attached transplants that do not differ from natural val-

ues (see above). The simulations of a single transplantation
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with increasing efficiencies did not substantially modify the

lambda values (Fig. 8, see results for a single transplantation

every 100 years). In contrast, if the transplantation was peri-

odically repeated, significant increases in lambda were ob-

served. However, lambda values close to one were achieved

only with high transplantation efficiency (i.e. transplanting

on the order of 75% of the detached colonies, and obtaining

at least 3 fragments per colony) and high transplantation fre-

quency (at least one every two years).

Fig. 9 shows the positive effect on the lambda values of

increasing the efficiency through the proportion of recovered

colonies and the number of transplants obtained from them

at the maximum frequency of transplantation (every year).

Both transplant sizes exhibited a similar pattern of lambda

increase with an increasing proportion of recovered colonies.

Although all the simulations showed an improvement with
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Fig. 9 – Annual population growth rates (k) obtained with

transplantation repeated each year. Simulations were

performed simultaneously changing the percentage of

recovered dead colonies (detached colonies from the

substratum) and the number of fragments obtained from

recovered colonies through the transplantation of fragments

of two size-classes. (a) Transplants of 3–10 cm. (b)

Transplants of 10–20 cm. Black line represents the reference

lambda value (k = 0.937). Dashed line represents the long-

term population persistence of the population (k = 1).
respect to the reference lambda, the lambda values were close

to or higher than 1 only when over 50% of the detached colo-

nies were recovered and more than one fragment was ob-

tained per colony for both sizes of transplants (Fig. 9a and b).
4. Discussion

4.1. Transplantation technique

During the technique-related experiment performed within

the gorgonian community, the relatively high survival (almost

70%) obtained with the ‘‘stick’’ technique indicated that this

technique might enable successful transplantation. In the

environmental-related experiment, technique failure was an

important cause of mortality (over 40% of transplanted colo-

nies were lost), due mainly to either a break in the epoxy/sub-

stratum attachment or the loss of the stick due to poor

installation.

After an initial period of attachment failure, well-attached

transplants had survival rates similar to those of natural col-

onies. The contrast between the losses due to attachment and

the survival of well-attached transplants shows two different

phases. In the first phase (before 2003), the mortality due to

attachment failure was much higher than under natural con-

ditions, but in the second phase (after 2003) the slopes dis-

played by all treatments were similar to that exhibited by

natural colonies. Although this result may be considered sat-

isfactory enough to qualify the transplantation method as a

feasible management tool, our study has revealed some

uncertain aspects of marine restoration and demonstrates

that some degree of failure should be expected, as other

authors have indicated (Edwards and Clark, 1998; Yap, 2000;

Carney et al., 2005). Improvement of the technique for the ini-

tial installation of transplants on the substratum should be

the primary goal of future studies on transplantation of

gorgonians.

4.2. Effects of environmental conditions on colony
survival

Surprisingly, environmental conditions did not have a signif-

icant effect on mortality of the transplants, but did influence

methodological failure. The differences between the sciaphil-

ous and photophilous communities were due more to the

higher number of technical losses on the photophilous treat-

ment than to the process of competition or to differences in

irradiance that we expected to affect the survival of the trans-

planted colonies. One possible explanation for these unex-

pected results could be the difference in intensity of water

flow that the transplants experienced under different treat-

ments. As water movement depends very much on depth

(Ballesteros and Zabala, 1993), we would expect the same

water flow in both treatments. Nevertheless, at a finer scale,

the cover provided by the gorgonian forest (sciaphilous treat-

ment) to the transplants decreased water movement between

20% and 40% (M. Ribes, unpublished data), which may have

contributed to the improved success of transplants. The likely

influence of water movement on transplantation success

merits further investigation.
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4.3. Modelling

Three main facts lead us to consider small transplants as the

best size for transplantation. First, preliminary experiments

pointed out that large transplants exhibited a higher tech-

nique failure presumably because of their higher resistance

to water flow. Second, simulations did not exhibit a substan-

tial difference in lambda values between the two transplant

sizes. This agrees with previous experimental studies, which

did not observe big differences between transplant sizes (Le-

wis, 1991; Yap et al., 1998). Third, the use of large transplants

would require a higher investment in the installation tech-

nique to reduce attachment failure.

The efficacy of transplantation could be improved by both

recovering more colonies and splitting those colonies into

more fragments. A large damaged colony found on the sea

bottom can be split into small healthy fragments for trans-

plantation. Obviously, the number of resulting fragments is

positively related to the size of the damaged gorgonian and

negatively related to the size of the transplant. The total num-

ber of detached gorgonians found and recovered depends on

the magnitude of the surveillance effort. Finally, effectiveness

can also be improved by repeating the transplantation at

increasing frequencies (from one-time transplantation to an-

nual transplantation). Our simulations showed that under the

current high rates of mortality due to the influence of diving a

single transplantation followed by the same measures of

management had no effect on the viability of this population.

The annual population growth rate improved substantially

only after increasing the frequency of transplantation. P. clav-

ata populations continued to decline (k < 1) unless the trans-

plantation was performed every 2 years under the most

demanding conditions, (i.e., recovering 75% of the detached

colonies and obtaining three fragments of each). Even if

transplantation was performed yearly, it was necessary to re-

cover more than 50% of the colonies and to obtain more than

one fragment from each of them to reach the objective of

‘‘population persistence’’ (k = 1).

4.4. Transplantation and conservation of threatened
populations

Managers of MPAs are concerned about the different kinds of

disturbances that are currently affecting the coralligenous

community (see Section 1). Predictions from the matrix mod-

els suggest severe limitations to transplantation at a large

spatial scale. Therefore, the transplantation method appears

to be unable to counteract the high mortalities displayed by

recent mass mortality events (Cerrano et al., 2000; Perez

et al., 2000; Garrabou et al., 2001), where on the order of half

of the population has been lost (Linares et al., 2005; Coma

et al., 2006). However, the results indicate that transplanta-

tion could be a viable method to contribute to the recovery

of populations in MPAs locally affected by disturbances (i.e.

diving activity, anchors, fishing nets and contamination). As

has been proposed for other coral species, restoration strate-

gies can rescue reefs from the on-going impacts of human

activities and be used as a supplementary management ap-

proach for rehabilitation of small and exploited MPAs (Epstein

et al., 2001; 2005).
Nevertheless, our study should probably not be considered

as representative of conditions common to red gorgonians

along the Mediterranean coast. The high level of diving activ-

ity at the Medes Islands MPA causes extremely high mortality

rates (Coma et al., 2004) that probably require a disproportion-

ately strong transplantation effort and repetition to guarantee

population persistence. Given the time and effort required for

any transplantation, restoration actions at this MPA should be

considered in conjunction with other conservation efforts de-

signed to attenuate the impact of diving (Coma et al., 2004;

Linares, 2006). In this sense, the first management strategy

to reduce damage to gorgonians should be prevention,

through diver education designed to promote good diving

practices, as has been suggested for coral reefs with high div-

ing activity (Zakai and Chadwick-Furman, 2002; Baker and

Roberts, 2004).

The experimental and modelling approaches developed in

this study have provided some clear-cut results that can help

managers and scientists to estimate the advisability and util-

ity of this restoration technique. Modelling studies have

shown that the current frequency of disturbances may

endanger population viability (Linares, 2006) due to the lim-

ited ability to recover from injuries and the low level of

recruitment displayed by this species (Coma et al., 2001; Lin-

ares et al., 2005). In long-lived species such as gorgonians with

rare and episodic successful recruitments (Garrabou and Har-

melin, 2002) restoration may contribute to the re-establish-

ment of the lost link in the recruitment chain and therefore

ensure population persistence.
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